Due to high dielectric constant and strong chemical and electrochemical resistance, poly (vinylidene fluoride) (PVdF) has become a favourable porous polymer electrolyte in lithium-ion batteries. As a semi-crystalline polymer, PVdF contains both an amorphous phase and a crystalline phase. The blending of poly (methyl methacrylate)(PMMA) into electrospun PVdF membranes can increase the ionic conductivity. In this paper, we report the fabrication of nanofibrous polymer electrolyte membrane of PVdF/PMMA composite by electrospinning technique. PVdF/PMMA polymer electrolyte was characterized by scanning electron microscope (SEM) and Fourier transform infrared spectra (FT-IR). Electrospun PVdF/PMMA membrane showed a fully interconnected porous structure composed of ultrafine fibers with the diameters in the range of 300-350 nm. FTIR spectra confirmed the miscibility of PMMA with PVdF in the composite PVdF-PMMA fibrous membrane. The observed high porosity (85%) and high electrolyte uptake (285%) of as-synthesized nanofibrous PVdF/PMMA polymer electrolyte improved its ionic conductivity (2.95 × 10 −3 Scm −1
Introduction
Recently, polymer lithium-ion batteries prepared with polymer electrolytes (PEs) have received wide attention because of high electrolyte uptake and ionic conductivity, and more flexible in shape compared with their liquid counterparts, Tarascon et al. (2001) . To enable the applications of polymer lithium-ion batteries, a polymer electrolyte should possess high ambient temperature conductivity, good dimensional and thermal stability, chemical compatibility with Li electrodes, ability to afford Li cycling at an efficiency of greater than 90% (Gopalan et al, 2008 and Kim et al, 2008) . Poly (vinylidene fluoride) (PVdF) is a well-known semi-crystalline thermoplastic polymer with excellent film-forming ability and thermal stability, Liu et al. (2011) . Due to the high dielectric constant and strong chemical and electrochemical resistance, it has become a favorable polymer matrix for porous polymer electrolytes in lithium-ion batteries , Stephan et al. 2006 . As a semi-crystalline polymer, the crystalline domains of PVdF hinder the penetration of liquid electrolytes and the migration of lithium ions and hence batteries with PVdF based PE S have low ionic conductivity, Li et al. (2011) . The loss of electrolyte solution leads to a failing of the contact between electrode and electrolyte as well as a reduction of ionic conductivity, which limits the use of electrospun PVdF membranes in lithium batteries, Choi et al. (2011) . For the purpose of tackling the aforementioned problems, several attempts have been carried out, one of the best way to introduce other blending polymers like polyacrylonitrile (PAN), poly(methyl methacrylate)(PMMA) and thermoplastic polyurethane (TPU) into electrospun PVdF membranes , Kim et al.( 2011) .
PMMA based polymer electrolytes exhibit high electrolyte uptake, ionic conductivity and good electrochemical stability (Rhoo et al. 1997 . In addition, PMMA has ability to increase the mechanical strength of the polymer electrolytes. It is thus explicit from the literature that PVdF and PMMA are individual having beneficial characteristics as host polymers in polymer electrolytes. Therefore blending of polymer is an alternative way to prepare polymer electrolyte membrane. There are different methods to prepare porous polymer electrolyte membrane such as solution casting, Li et al. (2011) , phase inversion, He et al. (2005) and electrospinning, Cui et al. (2013) . Among them, electrospinning is a predominant and promising technique to produce thin, flat and homogenous polymer membranes. Electrospinning has received significant attention in recent years as a method to prepare nanofibrous membranes. The membrane prepared by electrospinning is composed of ultra-fine fibers with diameters in the range of several micrometers to tens of nanometers. The PEs membranes provide with large surface area fibers and fully interconnected porous structures are able to uptake large amounts of liquid electrolyte. Therefore, the PEs prepared by electrospinning can achieve high ionic conductivity at room temperature, Xiao et al. (2009) . In our study, we have made use of electrospinning to prepare PVdF-PMMA composite nanofibrous membrane. The synthesis, characterization and measurement of porosity, electrolyte uptake, ionic conductivity of the electrospun PVdF-PMMA membrane were investigated. These results showed that PVdF-PMMA composite nanofibrous membrane prepared by electrospinning had a good prospect as PE S for lithium-ion batteries.
Experimental

Materials
Polyvinylidene fluoride (PVdF, Mw 107,000), Polymethyl methacrylate (PMMA, Mw 120,000) were vacuum dried for 12 h at 60 o C before use. The solvent N, N-dimethylformamide (DMF) was used as received. The anhydrous Tetrahydrofuran (THF) was distilled before use. The salt lithium perchlorate (LiClO 4 , battery grade, dry 99.99 %.) was dried at 60 0 C and kept under vacuum for 72 h before use. The plasticizers propylene carbonate (PC, anhydrous 99.7% and the water content is < 0.002%) used without further purification.
Preparation of PVdF-PMMA nanofibrous membrane
15% amount of PVdF-PMMA (8:2, w/w) was dissolved in a mixed solvent of DMF/THF (7:3, w/w) in a beaker and then stirred for 6 h at 50 O C until a homogeneous solution was formed. The resulting homogeneous solution was degassed for 15 min to get the bubble free clear solution. The nanofibrous membranes were prepared by a typical electrospinning method at room temperature. A laboratory set up for the collection of nanofibers on aluminium foil as stationary collector as synthesized by electrospinning is shown in Fig. 1 . Electrospinning of the homogeneous solution was performed at a flow rate of 3 ml/h with a high voltage of 25 kV at room temperature. A distance of 20 cm was kept between the syringe tip and collector plate. A nanofibrous membrane was then deposited on the collector plate. Then the electrospun nanofibrous membrane was finally dried under vacuum at 60 o C for 12 h. 
Characterization of PVdF-PMMA nanofibrous membrane
The surface morphology of the electrospun nanofibrous membrane was observed from SEM image obtained by scanning electron microscope (SEM EVO-18). A Fourier transform infrared (FT-IR) spectrum of the sample was recorded on α-Brucker model using KBr pellet in the range of 400-4000 cm −1 . Porosity % of electrospun nanofibrous membrane was determined using n-butanol uptake. Nanofibrous membrane was immersed in n-butanol for 2 h. The mass of nanofibrous membrane before and after immersion was measured. The electrochemical measurements of the PEs were obtained by immersing the electrospun nanofibrous membrane in 1 M LiClO 4 -PC (volume 1:1) solution for 60 minute at 25 o C in a dry glove box. Ionic conductivity ( ) of the PE was measured through an ionic conductivity cell, which was made by sandwiching a given PEs membrane between two stainless steel blocking electrodes (SS/polymer electrolyte membrane/SS, SS: stainless steel). The ionic conductivity was determined by the impedance measurements at room temperature using Zahner Zennium Electrochemical Analyzer. The frequency of testing ranged from 100 mHz to 100 kHz at AC amplitude of 5mV. Electrochemical stability was determined by a linear sweep voltammetry (LSV) at the scanning rate of 5 mV/s. The measurement was operated by electrochemical analyzer (Model CHI600D) over the potential range of 3.0-6.0V vs Li + /Li. Fig. 2(a) shows SEM image of electrospun PVdF/PMMA composite nanofibrous membrane. The fiber diameter histograms are also given in Fig. 2(b) . Electrospun PVdF-PMMA membrane show a fully interconnected porous structure composed of lots of ultrafine fibers. It can be seen from SEM image that three dimensional web structures are formed by the interconnected ultrafine fibers for both membranes, which indicate that the interstices are also fully interconnected. This unique porous structure is beneficial to entrap and retain electrolyte effectively, and it facilitates an electrolyte to diffuse smoothly into the cell assembly. The electrospun PVdF/PMMA composite membrane has similar mean diameters (325 nm). It can be used to illustrate that the PVdF-PMMA film has a higher uptake because the smaller fibers possess larger surface area to uptake large amounts of liquid electrolyte. The bead fibers are present in PVdF-PMMA membrane which can be attributed to several combinational factors: the high polarity of DMF (dipole moment of 3.80D and dielectric constant of 36.7), low volatility of THF (boiling point of 64 •C), polar nature of PVdF and PMMA. Moreover, it is observed that several beads appear in the fiber structure after the aggregation of the partial PMMA particles causes the appearance of the beads. The beads can be minimised by optimization of several factors such as electric field, flow rate, distance between needle and collector, viscosity, conductivity, surface tension of solution prepare. Fig. 3 shows the FT-IR spectrum of electrospun PVdF-PMMA nanofibrous membrane. The bands appearing at 1397, 1275, 840 cm −1 are assigned to CF stretching, CF 2 stretching, and characteristic frequency of vinylidene compound respectively in PVdF, Rajendran et al. (2001) . The characteristic absorption peaks of PMMA (692, 879, 1729 cm −1 ) are found in the composite nanofibrous membrane. An absorption peak appears at 1729 cm -1 , which is related to C=O stretching vibration of PMMA. The appearance of new peaks along with changes in the existing peaks in the FTIR spectra confirms the miscibility of PMMA with PVdF.
Results and discussion
Morphology
FT-IR spectroscopy
Porosity
Porosity is one of the important parameters of the PEs membranes. The interlaying of the fibers generates porous structure in the electrospun membrane. Porosity of the prepared membrane is determined by n-butanol uptake method. The n-butanol does not interact with the membrane it rather penetrates the pores and occupies all the available pores, and thus gives a measure of the total pore volume in the material. The porosity % of PVdF-PMMA nanofibrous membrane was found to be 85%. The high porosity can be used to explain the high electrolyte uptake of PE S . Fig. 4 represents the electrolyte uptake behaviour of the electrospun PVdF-PMMA membrane. The data is obtained by soaking the electrospun PVdF-PMMA membrane in the liquid electrolyte (1M LiClO 4 in PC) for 30 minute. The PVdF-PMMA film shows an electrolyte uptake of about 285% within 30 minute. The unique fibrous structure of this membrane induces fast liquid penetration into the membranes to form the polymer electrolyte with interpenetrating polymer network within 30 minute. The gelation of the membrane is attributed to its affinity for electrolyte solution, which results from the polar functional groups in the polymer chains, Raghavan et al. (2010) . The higher electrolyte uptake can make an improvement of ionic conductivity.
Electrolyte uptake
Ionic conductivity
The ionic conductivity enhancement in composite PE was attributed due to the nanofibrous membrane obtained by electrospinning can supply large surface area fibers and fully interconnected porous structures, so they can uptake large amounts of liquid electrolyte. To further understand the electrochemical properties of the PE, the temperature dependence of ionic conductivity of the PE is shown in Fig. 5 . A typical behaviour of PE was observed that the ionic conductivity increased when the temperature went up. This may be due to the higher temperature promoted carrier ions to transfer, thereby the mobility of lithium-ion was accelerated and the higher temperature resulted in the expansion of polymer produced the local empty space and expanded the free volume, which promoted the polymer segments and carrier ions to move , Cui et al. (2008) . Fig. 6 shows the electrochemical stability window of the PVdF-PMMA membrane. It is seen that polymer electrolyte exhibit an anodic stability upto 5.25 V vesus Li, which is higher than reported value (5.0 V) of the polymer electrolyte based on pure PVdF (Zhong et al, 2012) . The high anodic stability of PVdF-PMMA membrane should make them potentially compatible with the cathode materials, commonly used in lithium ion batteries.
Electrochemical stability
Conclusions
PVdF-PMMA composite nanofibrous membrane was successfully prepared by electrospinning. SEM micrograph showed that PVdF-PMMA composite fibrous membrane with diameter of fibers in nanoscale. FT-IR spectroscopy confirms the miscibility of PMMA with PVdF in the composite PVdF-PMMA membrane. The addition of PMMA promoted electrolyte uptake and ionic conductivity. The temperature dependence of ionic conductivity can be explained on the basis of the Arrhenius model at 25-75 o C. Higher anodic stability of PVdF-PMMA composite nanofibrous membrane prepared via electrospinning was a good candidate to be used as the polymer electrolyte for polymer lithium-ion batteries.
